Abstract. Eleven species of Rhodnius and one of Psammolestes were compared by DNA sequence analysis of fragments of the mitochondrial large subunit ribosomal RNA (mtlsurRNA), the mitochondrial cytochrome b (mtCytb), and the D2 variable region of the 28S nuclear RNA (D2), totaling 1,429 base pairs. The inferred phylogeny, using Triatoma infestans as an outgroup, revealed two main clades within the Rhodniini-one, including the prolixus group of species (Rhodnius prolixus, Rhodnius robustus, Rhodnius neglectus, and Rhodnius nasutus) together with Rhodnius domesticus and Rhodnius neivai, and the other comprising two groups formed by Rhodnius pictipes plus Rhodnius brethesi, and Rhodnius ecuadoriensis plus Rhodnius pallescens. Psammolestes tertius appeared most closely related to the prolixus group. The analysis strongly supports the validity of R. robustus as a species distinct from others of the prolixus group, but suggests higher genetic structuring of R. robustus populations compared to the other species. Although R. robustus has been found naturally infected by Trypanosoma cruzi, the fact that it is apparently entirely sylvatic and unable to establish in homes suggests that it is of no great importance as a Chagas disease vector in humans.
INTRODUCTION
The Triatominae comprise a distinct group within the Reduviidae, defined by their obligate haematophagy. These insects, also known as kissing bugs, are vectors of the flagellate protozoan Trypanosoma cruzi, causative agent of American trypanosomiasis or Chagas disease, 1 which is of major public health importance throughout Latin America. 2 The Rhodniini comprise one of five tribes of the Triatominae and includes two genera, Rhodnius with 14 described species, and Psammolestes with 3 described species, which are customarily held to be monophyletic. 1, 3, 4 Most of these have sylvatic habits, often living in palm tree crowns and birdnests, but several species of Rhodnius also colonize rural dwellings and have become important vectors of human Chagas disease. For example, Rhodnius prolixus is the principal domestic vector of Chagas disease in Venezuela, Colombia, and parts of Central America; Rhodnius pallescens is the main vector in Panama, and Rhodnius ecuadoriensis is an important local vector in parts of Ecuador and northern Peru. Unfortunately, the precise geographic distribution of some Rhodnius species remains unclear due to difficulties in their identification. 5 Although morphological criteria can readily identify specimens to the generic level, the species level identification of Rhodnius can be one of the most difficult among the Triatominae (Lent H, personal communication). Species of the prolixus group (R. prolixus, R. robustus, R. neglectus, and R. nasutus) are particularly difficult to distinguish, 1, 6 a fact that has led to misidentification on several occasions. 7 The most controversial of these taxa is R. robustus, which is virtually indistinguishable from R. prolixus, 6, [8] [9] [10] although it has been argued that R. robustus is a valid taxon and that R. prolixus is a domestic derivative of this species. 11 Additionally, although Rhodnius and Psammolestes are considered to be sister taxa, recent data call this into question. 12, 13 As part of a broader study on the taxonomy and evolution of the Rhodniini, we present an analysis of the tribe using mitochondrial and nuclear gene sequences. We have examined regions of the cytochrome b (mtCytb) and the large subunit ribosomal RNA (mtlsurRNA) mitochondrial genes, and the D2 variable region of the 28S RNA (D2) nuclear gene. These gene regions are involved in basic metabolic functions and thereby not considered unduly subject to external selection pressures. Furthermore, previous studies have demonstrated the applicability of these gene fragments in phylogenetic reconstruction. 13, 14 Sequence comparisons of these gene fragments were very useful in addressing the taxonomic problems cited above.
MATERIALS AND METHODS
Triatomine specimens. DNA sequence analysis of fragments of the mtCytb (414 base pairs [bp] ) and mtlsurRNA (383 bp) mitochondrial genes and the nuclear D2 variable region of the 28S RNA gene (632 bp) was performed on 11 Rhodnius species, Psammolestes tertius, and Triatoma infestans that was used as an outgroup (Table 1 ). The mtCytb sequence of Psammolestes coreodes was reported previously by Lyman and others. 13 DNA processing. DNA from individual insect specimens was isolated, purified, and amplified according to the literature, using the primer sets described below. 13, 14 Primers used for PCR amplification and direct DNA sequencing.
For the mtCytb fragments: Forward: CYT BF 13 5Ј-GGA CAA ATA TCA TGA GGA GCA ACA G Reverse: CYT BR 
For the D2 fragments: Forward: D2F 14 5Ј-GCG AGT CGT GTT GCT TGA TAG TGC AG Reverse: D2R 14 5Ј-TTG GTC CGT GTT TCA AGA CGG G DNA sequence analysis. Amplified PCR fragments were sequenced using fluorescent sequencing with dye terminator chemistry (Big dyes TM , Perkin Elmer Applied Biosystems, Foster City, CA) and analyzed on an ABI 377 automated sequencer. Both forward and reverse strands were examined and the resulting DNA sequences analyzed using Sequence Navigator version 1.0.1. (Perkin Elmer Applied Biosystems), to produce a consensus sequence for each DNA sample used. Consensus sequences were then aligned using Pileup (GCG Wisconsin Package, version 9.1). Phylogenetic analysis of the sequences was performed by Distance (Neighbor-Joining-NJ) 15 and Parsimony methods, using Phylip 3.56c 16 and PAUP* version d63, 17 respectively.
The gaps in the two RNA gene fragments were reduced (i.e., all insertions and deletions were treated as a single character). The three gene fragments were assembled in order to generate a single data set. The aim of this approach was to use all characters available in order to obtain a wellsupported tree. All sites were equally weighted. The analysis was also done with the exclusion of the third codon positions of the mtCytb fragments, in order to detect any indication of the saturation of such sites.
The NJ algorithm was used to construct a tree based on a Kimura 2-parameter 18 distance matrix. For the parsimony analysis, characters were considered unordered, the reduced gaps were treated as a fifth character-state, and the search for the most parsimonious trees was done with the branch and bound option. The reliability of the clades in the trees was assessed by the bootstrap analysis 19 with 1,000 replications for both the NJ and Parsimony methods.
Since the mtCytb appears to be the gene with the higher mutation rate among the three genes (see below), a second analysis was done including only this gene fragment for a larger number of specimens in order to better detect intraspecific variation.
RESULTS
When each gene fragment was analyzed separately, they produced trees with similar topology (both with NJ and parsimony methods), although with low bootstrap values for most of the clades. The combination of the three genes in a single data set generated a much more robust tree, suggesting a phylogenetic accordance among the three different gene fragments. The exclusion of the third codon positions of the mtCytb fragment from the analysis caused an overall decrease on the bootstrap values, indicating that such sites contribute useful phylogenetic information and are unlikely to be saturated.
The mtCytb fragment presented the highest level of polymorphism with 38.1% of variable sites. For this protein coding gene the third codon positions were the most variable (69.9%) followed by the first (24.8%) and second codon positions (5.3%). The mtlsurRNA fragment presented 32.1% of variable nucleotide sites, followed by the most conserved D2 with only 9.0%.
Parsimony analysis of the 221 informative characters of the combined data set (the three gene fragments) using Triatoma infestans as the outgroup produced three equally parsimonious trees, with a consistency index of 0.621 and retention index of 0.586. The difference between these trees was only the swapping of Rhodnius neivai and Psammolestes tertius, and the position of R. prolixus BRA 2, either forming a clade with R. robustus BRA 2 or appearing as the most basal taxon of the R. robustus clade. Since any of these three topologies was possible from parsimony analysis, we present the topology revealed by NJ analysis (Figure 1 ). This tree shows four well-supported groupings within the prolixus group, broadly conforming to the four described species. It also indicates a closer affinity of P. tertius with the prolixus group (95% of bootstrap replicates) than with other Rhodnius, such as Rhodnius brethesi or R. pallescens.
As a consequence of the smaller data set, the NJ tree that was constructed based only on the mtCytb gene fragment does not resolve the more basal nodes (Figure 2) . However, by including more specimens in the analysis, this tree shows how consistent and well defined the four clusters are within the prolixus group. Additionally, it reveals the close rela- tionship of the Rhodnius colombiensis with the R. pallescens/R. ecuadoriensis cluster, and also places P. coreodes together with P. tertius.
DISCUSSION
The two most salient features of this study are the indication of the paraphyletic nature of the Rhodnius genus (although supporting the monophyly of the Rhodniini tribe), and the strong support (100% bootstrap value) for the legitimacy of R. robustus as a meaningful taxonomic entity (Figures 1-3) .
Two main clades appear within the Rhodniini (Figure 1 ). The ''prolixus clade'' comprises all specimens attributed to the prolixus group (R. prolixus, R. robustus, R. neglectus, and R. nasutus) together with R. domesticus and the littleknown R. neivai, although bootstrap support for the latter is weak and its association with the prolixus group is not supported by analysis based on the mtCytb sequences alone (Figure 2 ). The second clade includes groupings formed by Rhodnius pictipes and R. brethesi, which are both from the Amazon region east of the Andean Mountains, and by R. ecuadoriensis and R. pallescens which are both from the west of the Andes. Psammolestes tertius forms a tight cluster with P. coreodes, supporting the monophyly of this genus (Figure 2 ) but appears to be most closely related to the prolixus group of Rhodnius (Figure 1 ). Since all species of Psammolestes are intimately associated with the woven stick nests of furnariid birds (which in northeastern Brazil are sometimes also inhabited by R. nasutus), perhaps Psammolestes should be regarded as a specialized lineage from the prolixus group of Rhodnius.
Within the prolixus group, four taxonomic entities are supported (Figures 1 and 2 ) and broadly correspond to their prior determinations as R. prolixus, R. robustus, R. neglectus, and R. nasutus. Least controversial of these four species are R. nasutus from the arid caatinga region of northeast Brazil, and R. neglectus from the central Brazilian cerrados. 1 Three of our R. neglectus samples were very similar despite having originated from sites more than 1,500 km apart (Figure 3, Table 1 ). However, R. neglectus BRA 1 (from northeast Brazil) was more similar to the R. prolixus samples, as reported for peridomestic R. neglectus field-collected from another region. 7 Specimens originally determined as R. prolixus all originated from synanthropic habitats, except for those from Brazil. Rhodnius prolixus BRA 2 came from a colony established from bugs originally collected in palm trees in the Amazon region of Brazil. This specimen grouped with other sylvatic specimens determined as R. robustus (Figures 1 and  2) , adding support to the idea that R. robustus represents a sylvatic entity while R. prolixus is a more domestic adapted species. Contradicting this generalization is the other Brazilian R. prolixus (BRA1) sample collected from a sylvatic ecotope in the State of Rio de Janeiro, Brazil. Its unexpected location and ecological behavior 20 prompted the idea that this population may represent a new species. Our sequence data, however, strongly suggest that it is R. prolixus. The specific status of R. robustus had been questioned on the basis of allozyme analysis, 8, 10 morphometric analysis, 9 and cross-mating experiments. 6 Differences, however, between R. robustus and the closely related R. prolixus have been reported by the use of DNA sequencing 13 and RAPD analyses. 21 These recent findings may not only be due to the greater resolution attributed to modern techniques, but also to the identification of the samples themselves. Some laboratory populations previously thought to be R. robustus were probably R. prolixus (Dujardin JP, personal communication), and analysis of such populations has led to some of the conflicting results. This cannot be applied to Barrett's 6 conclusion because some of the samples we believe to be ''true'' R. robustus came from his colonies. Barrett 6 questioned the validity of R. robustus because some of the colonies he studied could be separated into two groups based on inter-fertility. In our analyses, some morphologically determined R. prolixus and R. robustus fell into both of these groups.
Clearly, at least two taxonomic units are involved. Unfortunately, as pointed out by Barrett, 6 the original description of R. robustus, based on two specimens considered larger and darker than a reference series of prolixus, 22 is hardly diagnostic. Furthermore, the diagnostic characters added by Lent and Jurberg 23 and Lent and Wygodzinsky 1 do not cover the range of morphological variability seen in these species. 9 This explains why R. prolixus and R. robustus were sometimes held to be indistinguishable, and also why some specimens identified by morphology as R. robustus were placed into the R. prolixus cluster based on the DNA sequence analysis (and cross-mating experiments) 6 and vice-versa ( Figure  2 ).
It could be argued that the differences observed, in terms of base pair substitutions between the R. prolixus and the R. robustus clusters may reflect a geographic variation revealed by a more sensitive technique (DNA sequencing), as opposed to more traditional approaches such as allozyme electrophoresis (even though the use of SSCP analysis could not distinguish among R. prolixus, R. neglectus, and R. nasu-tus 24 ). The level of divergence between these two species, however, in terms of base-pair differences, is of the same magnitude as between R. prolixus and the closely related R. neglectus (data not shown) that is unequivocally considered to be a good species, 25, 26 thus, strongly supporting R. robustus as a valid taxon.
Recently, protein-based approaches have also proven useful in separating R. prolixus and R. robustus. Soares and others 27 showed that these two species can be separated according to the banding pattern generated by electrophoresis of their salivary gland proteins. These authors, however, concluded that their samples from Tucuruí, Brazil, are R. prolixus, although they shared the same number of bands with the R. robustus sample, 27 whereas our sample from Tucuruí clearly falls within the R. robustus cluster (Figure 2) .
The prolixus/robustus relationship was complicated by the reported absence of gene flow between domestic and sylvatic ''R. prolixus'' populations from Tolima, Colombia. 28 Initially, this sylvatic R. prolixus (formerly referred to as the ''Tolima form'') was thought to represent R. robustus, but it has since been shown to be similar to R. ecuadoriensis and to R. pallescens by both morphometry and isoenzyme analyses. 12, 29 The ''Tolima form'' has now been described as a new species, R. colombiensis, 30 distinct from the two aforementioned species. Our results confirm the placement of R. colombiensis within the pallescens/ecuadoriensis group and indicate a closer affinity between this new species and R. ecuadoriensis (Figure 2) .
The similarities between domestic R. prolixus and sympatric sylvatic populations in Venezuela led to a widespread belief that both domestic and sylvatic populations of R. prolixus could be present in the same region. 31 In turn, this prompted the idea that control of domestic R. prolixus would be made difficult by reinvasion of treated premises from sylvatic foci, and also that R. prolixus could be transported by migrating birds; for example, between northern South America and Central America. More recent work indicates that the Central American populations of R. prolixus have more likely been transported from South America through accidental human intervention, 32 but the relationship between domestic and sylvatic populations-especially in Venezuelaremains unclear. 33 In our study, although all the R. prolixus samples from several different countries were genetically very similar, the R. robustus samples (plus the prolixus BRA 2) revealed a high degree of genetic structuring (Figures 2 and 3) . The similarity of the prolixus specimens may reflect recent dispersal of a genetically less variable domestic species. 31 On the other hand, all five Amazonian R. robustus samples (Figure 3) were collected from sylvatic palm trees, and the geographic origins of at least three of them correspond with quaternary forest refuges proposed by Prance 34 for woody plants. The restriction of these populations to such refuges may have decreased their population sizes and favored the effects of genetic drift, generating the observed differences.
The first step in any control program is the correct identification of the vector species. The incorrect identification of vectors can lead to inappropriate control strategies, resulting in ineffective control efforts. For example, although there are rare reports of R. robustus being found in houses, 35 the epidemiological significance of these observations is questionable since this species is apparently entirely sylvatic and unable to colonize human dwellings. A misidentification of a sylvatic R. robustus as an R. prolixus (as happened with the R. prolixus BRA 2 sample) may lead to the incorrect conclusion that nearby human communities are at risk of becoming infected.
The fact that some specimens of the R. prolixus group, mainly R. prolixus and R. robustus (but also R. neglectus) had been placed in other species clusters suggests that the morphological characters currently used to identify these species are not totally reliable and draws attention to the need for other diagnostic characters. The use of molecular markers may help in the search for new morphological characters by accurately identifying reliable specimens.
